Abstract An analysis of the effect of an oil spill on mangrove sediments was carried out by contamination of mesocosms derived from two different mangroves, one with a history of contamination and one pristine. The association between N 2 fixers and hydrocarbon degradation was assessed using quantitative PCR (qPCR) for the genes rrs and nifH, nifH clone library sequencing and total petroleum hydrocarbon (TPH) quantification using gas chromatography. TPH showed that the microbial communities of both mangroves were able to degrade the hydrocarbons added; however, whereas the majority of oil added to the mesocosm derived from the polluted mangrove was degraded in the 75 days of the experiment, there was only partially degradation in the mesocosm derived from the pristine mangrove. qPCR showed that the addition of oil led to an increase in rrs gene copy numbers in both mesocosms, having almost no effect on the nifH copy numbers in the pristine mangrove. Sequencing of nifH clones indicated that the changes promoted by the oil in the polluted mangrove were greater than those observed in the pristine mesocosm. The main effect observed in the polluted mesocosm was the selection of a single phylotype which is probably adapted to the presence of petroleum. These results, together with previous reports, give hints about the relationship between N 2 fixation and hydrocarbon degradation in natural ecosystems.
Introduction
Mangroves are highly productive coastal ecosystems (Jennerjahn and Ittekkot 2002) ; they comprise 60-75% of the world's tropical and subtropical coastlines (Holguin et al. 2001) . As a consequence of the large productivity and net nutrient export, they participate in functions of adjacent environments (Wieder and Lang 1982) . For these reasons, mangrove habitats have been pinpointed as critical environments needing urgent attention and conservation (Al-Sayed et al. 2005; Duke et al. 2007 ).
In regard to oil pollution, mangroves are especially affected by the oil hydrocarbons (Lewis 1983) . A large part of the oil spilled in the sea may converge to the shore. When the oil reaches a mangrove forest, it may persist there due to the limited wash by tidal action resulting from the vegetation density and the slow microbial decomposition that take place in anaerobic sediments (Lewis 1983) .
Mangrove forests can carry out N and P cycling in an efficient and tightly regulated manner (Holguin et al. 2001) . The export of organic matter and the fast consumption of N compounds in the sediment make N a limited element in this environment (Holguin et al. 1992; Holguin et al. 1999; Holguin et al. 2001) . Moreover, it has been observed that nitrogen fixation is responsible for the support of these ecosystems (Holguin et al. 2001) .
A major limitation to the natural degradation of hydrocarbons in most ecosystems is the unbalanced C:N:P ratio caused by the high C content of the pollutant. This leads to the fast consumption of the nitrogen and phosphorus available to the hydrocarbonoclastic populations present in the ecosystem causing the degradation to become slower or even cease. However, with the break in the C:N:P ratio after an oil spill (Musat et al. 2006) , it has been postulated that there would be association between hydrocarbonoclastic and diazotrophic populations (Head et al. 2006 ) to symbiotically degrade hydrocarbons.
We aimed to shed light on the possible interaction between hydrocarbon-degrading organisms and the input of nitrogen from diazotrophs in mangroves. Thus, two different mangroves (one pristine and another one that had suffered a recent oil spill) were sampled and mesocosms were constructed to simulate the effect of oil on the diazotrophic communities and to evaluate the hydrocarbon degradation by the microbial communities.
Materials and methods

Sampling
Sediments for mesocosm construction were collected from two different mangroves located in the 'Todos os Santos' bay at the northeast coast of Brazil. The sediments were obtained from locations outside the mangrove forest to avoid effects of rhizospheric bacterial populations in the mesocosm. From these mangrove areas, 20 kg of the water-saturated top sediment layer (0-10 cm) was collected and homogenised. All samples were kept cold (4°C) until arrival in the laboratory. The pristine sample was collected at the following coordinates S12°43 0 46.7 00 , W38°30 0 09.1 00 , the polluted one was collected at S12°24 0 38.1 00 , W38°33 0 49.9 00 .
Mesocosm design
Four mesocosms were set up in order to allow the application of two different treatments. Each mesocosm consisted of a 20-L aquarium containing 10 L of wet sediment (1.2 Kg/L dry wt.). In order to mimic tidal action, two pumps were connected to the mesocosms, one of which was used to pump artificial seawater (Natural Sea Salt Mix, Oceanic Systems, Texas, USA) into the aquarium (roughly 5 L each time) and another one was used to remove the water after 6 h. This produced an artificial tide that kept the sediment under 5 cm of water for 6 h each time. This procedure was repeated every 6 h. The artificial seawater (20 L) was stored in a 20-L bottle, and 10 L of that water was refreshed every 5 days. A light: dark regime of 12 h of light and 12 h of darkness was used to mimic the light period of the 'Todos os Santos' bay through the use of timers and three 100 W tungsten light sources hung approx 30 cm above the mesocosms. After setting up each mesocosm, these were left functioning for 3D in order to stabilise and mimic the stratification found in this environment before the onset of the experiment. One mesocosm of each mangrove sediment received 2% (v/v) heavy oil and the other one was left without the addition of petroleum (control). Samples were collected before the addition of oil (T-0), as well as on days one (T-1), seven (T-7), 15 (T-15), 27 (T-27), 45 (T-45), 65 (T-65) and 75 (T-75) after contamination. At each sampling, 10 g of wet sediment was taken from three points at the mesocosm surface (0-5 cm) during the low tide and these samples were homogenised prior to DNA extraction.
Total petroleum hydrocarbons (TPH) quantification
TPH quantifications were carried out on 100 g sediment samples collected from surface sediments (0-5 cm depth) and the TPHs were extracted from this samples using an Accelerated Solvent Extractor model 200 (Dionex, USA), as described previously (dos Santos 2007). The extract was then concentrated on a Turbovap Model II to a volume of 1 mL (Seabra 2005 ). This concentrated material was then run on an HP5890 Gas chromatograph (equipped with a HP-5 column), as described in the USEPA 8015B manual (USEPA-8015B, 1996) . In order to avoid differences in the concentration of hydrocarbons caused by the uneven spread of the oil on the surface of the sediment, we chose to compare the relative amounts of hydrocarbons in the sample in spite of the absolute quantities.
DNA extraction
Three replicate samples from each mangrove mesocosm at each time point were collected for DNA extraction. The isolation of total DNA from sediment samples was carried out using the FastDNAÒ Spin Kit for Soil (BIO101, Califórnia, USA) following the manufacturer's protocol. DNA samples were purified using the WizardÒ Genomic DNA Purification System (Promega, The Netherlands). The quality and quantity of DNA were checked using electrophoresis on agarose gels. DNA was, on average, 20 Kb in size and yields ranged from 25 to 50 lg/g of sediment material (dry wt).
Q-PCR
To determine the number of copies of the gene that encodes the rRNA 16S (rrs) present in each sample, a Real-time PCR system was applied. We used primers P1 (5 0 -CCT ACG GGA GGC AGC AG-3 0 ) and P2 (5 0 -ATT ACC GCG GCT GCT GG-3 0 ;) (Muyzer et al. 1993 ) in a PCR reaction of 10 lL containing 5 lL of 29 PCR buffer (QuantiTect SYBR Green PCR Kit, Qiagen, The Netherlands), 0.2 lM of each primer and 1 lL of sample DNA (1009 dilution). PCR was carried out on an Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, USA) apparatus. Thermal cycling was as follows: 95°C for 15 min; 30 cycles of 94°C for 1 min, 55°C for 1 s, 72°C for 1 min, with a dissociation curve after the final cycle to evaluate the formation of primer dimer or other byproducts. Data collection took place during the annealing step of the reaction.
A standard curve was constructed based on a clone containing an rrs insert. For the absolute quantification of each PCR reaction, dilutions of the standard curve (10 7 , 10 8 , 10 10 and 10 11 copies/lL) were added in triplicates.
To quantify the number of copies of nifH genes in the total community DNA, a Real-time PCR using primers FGPH19 (Simonet et al. 1991) and PolR (Poly et al. 2001 ) was established. The PCR reaction mix (10 lL) contained 5 lL of 29 PCR buffer (QuantiTect SYBR Green PCR Kit Qiagen, The Netherlands), 0.5 lM of each primer and 1 lL of total community DNA. PCR cycling, data collection and dissociation curve were carried out as described above. In all reactions, triplicates of the standard curve (10 5 , 10 6 , 10 9 and 10 10 copies/lL) were added. To test whether differences were significant between treatments, one-way ANOVA was applied using GraphPad Prism version 4.00 (GraphPad Software, San Diego California USA).
Cloning, sequencing and sequence analysis Four samples were selected for nifH based clone library analysis. These were: Polluted ? oil, T-0 (Poll T-0), Polluted ? oil, T-75 (Poll T-75), Pristine ? oil, T-0 (Prist T-0) and Pristine ? oil, T-75 (Prist T-75). The nifH genes from total community DNA were amplified using primers FGPH19 (Simonet et al. 1991) and PolR (Poly et al. 2001 ) as previously described (Diallo et al. 2004 ). The PCR reaction mix (25 lL) contained 10.2 mM Tris, 2.5 mM MgCl 2 , 50 mM KCl, 0.2 mM of each dNTP, 0.5 lM of each primer and 2.5 U of Taq DNA polymerase. PCR was carried out on a Perkin-Elmer GeneAmp PCR System 9700 (Perkin-Elmer Applied Biosystems, Nieuwerkerk a/d IJsel, the Netherlands) and thermal cycling was as follows: 95°C for 5 min; 30 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min with a final elongation step of 72°C for 7 min. These 320 bp PCR products were ligated into the pGEM-T easy vector (Promega, Madison, USA) according to the manufacturer's protocol. The ligation products were introduced into Escherichia coli MM294 competent cells (Sylphium Life Sciences, Groningen, The Netherlands) by transformation according to the supplier's protocol, after which cells were plated onto selective media (Sambrook and Russell, 2001) . Following growth at 37°C, white colonies were randomly picked, and plasmids with inserts of the correct size were isolated using the Cetyl Trimethyl Ammonium Bromide (CTAB) isolation method (Sambrook and Russell 2001) . Sequencing reactions were performed on the plasmid material according to the Perkin-Elmer ABI Prism protocol (Applied Biosystems, Foster City, USA) using primer SP6. Sequence runs were done on an ABI377 DNA sequencer (Applied Biosystems, Foster City, USA).
All chromatograms were analysed for sequence quality using Bioedit (Hall 1999) . Sequences containing ambiguities were not further analysed. Sequences were searched for vector contamination in NCBI's VecScreen (http://www.ncbi.nlm.nih.gov/VecScreen/ VecScreen.html) and contaminant sequences were omitted. The sequences were then checked for the presence of chimeras using the Greengenes chi mera-check tool (http://greengenes.lbl.gov/cgi-bin/ nph-bel3_interface.cgi, [DeSantis et al. 2006] ). The non-chimeric non-vector sequences were then classified based on the most similar sequence from a cultivated organism using the BLAST-n tool from NCBI (Altschul et al. 1990 ). When no cultivated organism was found between the 50 best matches the best match was then used for classification. The sequences obtained were aligned using ClustalX (Thompson et al. 1997 ) and the output file was used in Phylip 3.66 to construct a distance matrix using the Jukes and Cantor distance model (Jukes and Cantor, 1969) . These were then used in the software DOTUR (Schloss and Handelsman 2005) to identify operational taxonomic units (OTUs) and generate estimations of richness and diversity, as well as rarefaction curves. A Neighbor-Joining tree of 86 nifH sequences was constructed using MEGA 4.0. The bootstrap consensus tree inferred from 1,000 replicates is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were collapsed. The evolutionary distances were computed using the Maximum Composite Likelihood method and are in the units of the number of base substitutions per site. The sequences reported in this study were deposited on GenBank under the accession numbers FJ669424-FJ669486.
Results
Oil degradation assessed by total petroleum hydrocarbons (TPH) quantification TPH was measured to evaluate oil degradation during the course of the mesocosm experiment (Fig. 1) . The absolute quantities observed were not entirely concordant due to the uneven spread of the oil at the surface of the sediment. Hence, a relative quantification approach was taken to analyse the data. The TPH profiles observed at T-0 were similar in both mesocosms (Fig. 1a, b) . These can be attributed to artificial contamination at the onset of the mesocosm experiment. No clear effect of the previous contamination could be observed in the Polluted-T0 sample (Fig. 1b) when compared to the Pristine-T0 one (Fig. 1b) .
After 75 days, the TPH profiles for both mesocosms differed greatly (Fig. 1c, d ). Comparing the initial profile for the pristine mangrove with the T75 one, we could observe the preferential degradation of some PHs (Fig. 1a, c, respectively) . At first glance, all PHs seemed to be degraded to some extent. However, hydrocarbons between nC20 and nC28 revealed a larger decrease when compared to other hydrocarbons such as pristane (Pri) and phytane (Phy). Pri and Phy were more resilient to degradation in this environment than the other resolved hydrocarbons. Additionally, longer PHs ([nC28) became more abundant at T75 relatively to the other PHs, hence they were less degraded then the remainder of the PHs.
On the other hand, the hydrocarbon degradation observed in the polluted mangrove mesocosm was almost complete (Fig. 1d) . A so-called unresolved complex mixture (UCM) was the only measurable PH fraction. This indicates a near total degradation of the oil contaminating the mesocosm. This result was also visually observed by the nearly complete disappearance of the oil layer on the sediment.
Quantitative effect of oil addition on the microbial community In order to quantify the copy numbers of particular genes occurring in the total community DNA we applied two Real-time PCR protocols based on well-established primer sets (Muyzer et al. 1993; Diallo et al. 2004 ). The first one aimed to detect the number of copies of the 16S rRNA gene (rrs) in each of the samples (Fig. 2a, b) while the second one was designed to quantify the nifH gene. Figure 2a shows the gene copy numbers for both mesocosms based on the polluted mangrove (control and contaminated). Although there was some variation in these numbers throughout the experiment, the general trend observed in both mesocosms was different. The trend lines for both mesocosms showed that the mesocosm that had received oil underwent a greater increase in gene copy numbers than the control. During the first 21 days of the experiment, both mesocosms showed similar amounts of rrs genes (&5.00 9 10 11 copies/lL). Both mesocosms revealed maxima of around 10 11 copies/lL, being that the control mesocosm had a maximum of 1.03 9 10 11 copies/lL at the onset of the experiment while the one that received oil had a maximum of 2.20 9 10 11 at 66 days.
These patterns were not observed in the mesocosms that had been based on the pristine mangrove sediment (Fig. 2b) . There was a small increase in the number of copies of the rrs gene during the first 21 days of the experiment, and after this period the numbers increased to near that observed for the polluted mangrove systems (Fig. 2a) . Moreover, these values were higher than those observed for the control mesocosm (Fig. 2b) , which were stable during the course of the experiment. The pristine mesocosm that received oil had, at 75 days, the highest number of rrs copies (2.67 9 10 11 copies/lL) across all samples. According to one-way ANOVA, all treatments were significantly different (P = 0.0051).
The patterns observed for the nifH gene were quite different (Fig. 2c, d ). Although the nifH gene counts observed for the mesocosms based on the polluted mangrove (Fig. 2c) resembled those observed for the rrs genes (Fig. 2a) , the patterns observed for the pristine mesocosms differed greatly between the nifH and rrs genes (Fig. 2d, b, respectively) . Figure 2c shows that, as observed for the rrs gene (Fig. 2a) , an increase in nifH gene copy numbers occurred in the mesocosm that had received oil. In addition, the control mesocosm showed similar rrs and nifH abundances. The maximum nifH gene copy number observed for the mesocosm with oil addition was more than ten times higher than that of the control (1.65 9 10 10 copies/lL). The average nifH/ rrs ratio for the control mesocosm shows that 2.00% of the total population carried nifH genes, while for the mesocosm that had received oil this average was 3.33%, indicating an increase in the proportion of the community carrying nifH genes after oil addition.
In contrast, the mesocosms based on the pristine sediments displayed a possible negative impact of oil on the populations carrying nifH genes. Even though the rrs gene numbers increased over time (Fig. 2b) the amount of nifH observed remained stable throughout the 75 days of experiment. This effect was corroborated by comparing the average nifH/rrs ratio observed in the mesocosm that had received oil with that of the control. The average percentages found were 0.20 and 1.20% respectively. Absolute nifH quantifications were also subjected to one-way ANOVA. This test showed significant differences between the treatments (P = 0.0237).
Selection of a specific nifH cluster by oil
In order to assess the relationship between oil addition and the populations capable of fixing nitrogen, four rrs clone libraries were constructed. Both mesocosms that received oil addition were sampled at the beginning of the experiment and at its termination.
A total of 46 clones were sequenced; the number of OTUs per treatment (similarity level [90%) ranged from 15 to 2 (Poll T0 and Poll T75, respectively) ( Table 1 ). The libraries based on the polluted mesocosm (Poll T0 and Poll T75) showed great declines in the number of OTUs observed during the course of the mesocosm (15 to 2 OTUs). Moreover, an even greater decline was observed when considering the estimators of richness Chao1 and ACE: these estimators indicated a richness ranging from 54 ± 28.911 to 73.270 ± 45.398 (Chao1 and ACE, respectively) at T-0 which dropped to 2.0 after 75 days.
A similar selection of nifH groups was observed in the pristine mesocosm (Table 1) . From the seven OTUs observed at T0, the richness dropped to four at T75. The number of OTUs thus did not decrease drastically, but through the analysis of Simpson 0 s Evenness Index we found that evenness decreased over time. Hence, there is a dominance of specific OTUs in the T75 community.
The selection of specific OTUs was stronger in the polluted mangrove than in the pristine one. Figure 3 illustrate how this selection acted on the basis of sequences clustered using several evolutionary distances. The Poll T75 library (Fig. 1a) showed a sudden drop in richness at distances between 0.0 and 0.1, while Poll T0 presented a smoother decline to 0.5. On the other hand, both libraries prepared from the pristine mangrove showed similar profiles on their curves (Fig. 3b) . However, after an abrupt fall at distances between 0.0 and 0.1, the gene richness was lower for the Prist T75 library throughout all evolutionary distances.
Blast-N searches (data not shown) indicate that the majority of the sequences belonged to the nitrogenase clusters I and III (Zehr et al. 2003) . The majority of the sequences (&60%) obtained from the Poll T0 library belonged to cluster III, similar to nifH genes from Geobacter uraniumreducens and Desulfovibrio dechloroacetivorans (deltaproteobacteria) (Fig. 4) . A similar result was obtained from the Prist T0 library: 55% of the clones belonged to cluster III, however they were more similar to Desulfosporosinus orientis, a member of the Firmicutes (Fig. 4) .
As shown above, the libraries constructed for samples collected at the end of the experiment (Poll T75 and Prist T75) displayed a major decrease of nifH gene diversity. Based on Blast-N results, this is caused by a shift in the types of sequences observed. In none of the two libraries, sequences related to cluster III were retrieved (Fig. 4) , corroborating the previous results that indicate a greater effect of the addition of hydrocarbons on populations carrying the nifH gene in the polluted sample than in the pristine one.
Discussion
Hydrocarbon degradation is a natural process in all ecosystems, however factors such as the type of pollutant, its availability and the presence of hydrocarbonoclastic microorganisms are among the most important variables associated with the outcome of the process (Alexander 1994) . We observed that in both mesocosms efficient biodegradation took probably place. However, the polluted mangrove mesocosm revealed a faster degradation of oil when compared with the pristine mesocosm. The more efficient degradation of pollutants in environments with previous contact with the pollutant is often related to a higher number of hydrocarbonoclastic bacteria in this environments (Olivera et al. 1997; Johnsen and Karlson 2005; Polymenakou et al. 2006) . This is caused by a previous selection of populations capable of utilizing these compounds efficiently (Margesin et al. 2003; Labbe et al. 2007 ).
The effect of the oil on the bacterial community was evaluated by assessing their 16S rRNA gene (rrs) copy numbers. This showed that the bacterial community responded positively to the presence of a high amount of complex carbons in both mescosm systems (Pristine and Polluted). However, although it has been observed that counts of heterotrophic (Ramsay et al. 2000; Maruyama et al. 2003 ) and hydrocarbondegrading bacteria (Ramsay et al. 2000; Maruyama et al. 2003; Vinas et al. 2005; Uyttebroek et al. 2007) increase with the addition of oil, the total amount of bacteria is usually not affected (Ka et al. 2001; Maruyama et al. 2003) . As has been observed previously (Ka et al. 2001) , the rDNA copy numbers remained stable after the addition of oil while the rRNA/rDNA ratio increased, indicating that the hydrocarbon amounts were not correlated with an increase in the number of individuals in the community but with an increase in the activity of these organisms. However, the results presented in this study indicate that the hydrocarbons might be used by some bacterial populations to increase abundance.
On the other hand, the degradation of the oil compounds should readily consume most of the nitrogen available in the sediment. Hence, since mangrove forests are often deficient in nitrogen (Sengupta and Chaudhuri 1991; Holguin et al. 1992; Alongi et al. 1993; Vazquez et al. 2000) , the expected degradation should be lower than the observed one. However, in previous observations the rate of nitrogen fixation in the mangrove sediments was high due to the amount of organic matter present (Potts 1984) . For this reason, as proposed earlier (Head et al. 2006) , the input of carbon was expected to affect the population of nitrogen-fixing bacteria.
The nifH gene quantification through qPCR indicated that the bacterial populations capable of fixing N 2 increased slightly in the polluted mangrove mesocosm after the addition of oil, following the same pattern as observed for the 16S rRNA gene (rrs). Therefore, no selection was observed in regard to the nifH gene in this system. On the other hand, the pristine mangrove showed a increase in rrs gene copy numbers and almost no change in nifH gene numbers, Indicating that in this mesocosm system nitrogen fixation may have suffered some inhibition by the presence of the hydrocarbons. In a previous study, Musat et al. (2006) observed that nitrogen fixation was not stimulated by the addition of oil to a sediment, much like our observations on the behavior of the pristine sample. On the other hand, the polluted mesocosm showed a different pattern, as in this mangrove there was an apparent stimulus of these organisms. In addition, it has been observed that ammonia oxidation was dramatically reduced when hydrocarbons were added to a pristine soil while in a soil with a history of oil pollution, this process was stimulated (Deni and Penninckx 1999) .
The majority of the sequences presented here were related to the Alpha-and Gammaproteobacteria, that are known to dominate in aerobic marine environments as well as in mangrove sediments (Bostrom et al. 2007; Flores-Mirales et al. 2007 ). However, no sequences related to the Cyanobacteria were observed in any of the libraries, in spite of the fact that this group is often associated with oil-impacted environments (Sorkhoh et al. 1992; Hoffmann 1996; Höpner et al. 1996; Perez-Vargas et al. 2000 Musat et al. 2006 ) and has been appointed as responsible for the bulk of the N 2 fixation in such environments (Musat et al. 2006) .
Although the addition of oil incited a significant change in the numbers of both rrs and nifH genes (as shown by ANOVA), it did not induce a significant change in the community structure of the pristine mangrove mesocosm. This finding, in association with the less effective hydrocarbon degradation observed in this system, gave hints on the association of these two processes.
Nitrogen fixation is rarely observed in petroleumpolluted environments despite the frequent limitation of nitrogen (Musat et al. 2006) . Moreover, where it was observed, it is not possible to correlate nitrogen fixation with hydrocarbon degradation (Laguerre et al. 1987; Toccalino et al. 1993; Piehler et al. 1999; Eckford et al. 2002; Prantera et al. 2002) . However, as pointed out by Musat et al. (2006) , the occurrence of N 2 fixation in environments impacted by oil spills leads us to believe that this process would (still) be the source of N, and this may be extended to any polluted environment.
